Abstract-The effects of the resistivity and crystal orientation on the leakage current and radiation response characteristics have been studied. The detector with (111) oriented substrate shows higher leakage current than (100) orientation due to the higher interface trap density at the Si/SiO 2 interface. And high resistive substrate shows larger leakage current than low resistive one because of its wider depletion width at the same bias voltage. However, in case of (100) oriented substrate, the leakage current of low resistive substrate is larger than high resistive substrate at high reverse bias. It seems that thermionic field emission (TFE) current for low resistive substrate increased at high reverse bias. To compare the charge generation and collection for the radiation, we irradiated an X-ray beam to each detector and read the output current. The detector with (111) oriented substrate shows 20% higher output current than (100) orientation and it is independent on the resistivity of the substrates. The most influential factor on the output current is the thickness of the wafer. From the results we can suggest a high resistive, (100) oriented and thick wafer for direct type radiation detector, and a low resistive and thin wafer for in-direct type detector. Finally, we assembled our detector with read-out integrated circuit for the application of γ ray dosimeter and our detector is very sensitive to Cs 137 natural γ ray.
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I. INTRODUCTION
ILICON PIN diode is widely used as a radiation detector because of its low cost, compatibility with the matured silicon device technology. It is applicable to the multidetectors and large area detectors. And it has great potential to combine with CMOS circuits monolithically and to fabricate the various types of detectors with different wafers in same technology [1] .
There are various types of silicon radiation detectors such as discrete, one or two dimensional detector (dosimeter, particle counter, imager, etc.), linear or cylindrical silicon drift detectors (SSDs) for position sensing and X-ray or optical photon detectors and silicon photo-multiplier (SiPM), etc.
These detectors are mostly based on the PN or PIN junction diode and thus device structures are simple. However, the specification of the starting wafer (such as resistivity, crystal orientation and wafer thickness, etc.) should be carefully considered depending on their purposes.
Radiation detection is realized by two different methods, i.e. direct type without using scintillator and in-direct type using scintillator on the detector surface. Schematic cross-sectional views of these are described in Fig. 1 . Direct type silicon radiation detector is operated at full depletion mode with high operation voltage and several folds of guard-rings are required to improve the breakdown characteristics. On the other hand, in-direct type detector is operated at low reverse bias voltage or 0 V and the junction depth of the p+ active should be shallow to absorb larger quantity of the visible light. Wavelengths of the visible light from scintillator are generally 500 to 600 nm and a few micron of depletion width is sufficient to absorb this visible light. Then the specification of the starting wafer for these two types of detectors must be different. And different wafers should be selected for the different purposes even if the detector type is the same.
In this work we have fabricated radiation detectors with high resistive n-type silicon wafers having different resistivity and crystal orientation, and studied on the leakage current, its mechanisms and radiation response characteristics. Then we suggest adequate specification of the wafers for various types of silicon radiation detectors.
II. FABRICATION OF THE SILICON PIN DETECTORS
We have fabricated both direct type and in-direct type silicon PIN detectors having p+ active area of 1 cm × 1 cm with several different n-type FZ (float zone) high resistive silicon wafers. In our experiments, guard-rings are not introduced for both detectors. The specifications of used wafers are summarized in Table I . The process sequences to fabricate the detectors are as follows. An initial oxide of 500 nm was grown at the temperature of 900 °C. After removal of initial oxide on the backside of the wafer, POCl 3 doping process was carried out to form an n+ layer. In order to form a p+ active region, B11 or BF 2 was implanted after removal of initial oxide on the p+ active region. In case of direct type detector, B11 was implanted with 40 keV, 3×10 15 cm -2 and driven-in at 900 °C for 200 min in nitrogen ambient to deepen and broaden the doping profile of the p+ active region, which can improve the breakdown characteristics of the detectors. On the other hand, the implantation of BF 2 , 40 keV, 1×10 15 cm -2 and thermal activation of 900 °C, 30 min were carried out for in-direct type detectors in order to form a shallow junction. In-direct type detectors need some additional processes such as formation of anti-reflective layer and contact hole. A 70 nm silicon nitride film, which shows the best anti-reflective characteristics for the wavelength of 550 nm, was deposited. Al/TiW double layer metals were deposited to form a front-side metal for anode and a backside metal for cathode. Finally, hydrogen alloy was carried out to make the ohmic contact between metal and silicon and to improve the Si-SiO 2 interface.
We measured several characteristics of the detectors such as junction capacitance, leakage current at various temperature and X-ray response characteristics. To investigate the effects of radiation, we irradiated the proton with energy of 45 MeV and dose of 1×10 12 cm -2 and compared with non-irradiated samples. Junction capacitance was measured by HP4194A, impedance gain phase analyzer and leakage current was measured by HP4156A, parametric analyzer. X-ray response characteristics was measured by HP4156A with X-ray source having 60 kV of tube voltage, 5 mA of anode current and filtration of 2 mm Al.
III. RESULTS AND ANALYSIS

A. Junction Capacitance
We can estimate the resistivity of the wafer and full depletion voltage from the measurement of junction capacitance, C j . The doping concentration, N D , of the wafers can be calculated from the following two equations
where q is electronic charge, ε s is permittivity of silicon, N A is the doping concentration of p+ active (~ 1×10 20 cm -3 ), V bi is built-in potential of the junction and V R is the reverse bias. Fig . 2 shows C j versus V R and 1/C j 2 versus V R for the detectors fabricated with different doping concentration of the substrates. We estimated the resistivity of the wafers from the C-V data of non-irradiated samples. Estimated resistivities were 1.6, 3.8, 8.0, and 15 kΩ.cm for S1, S2, S3, and S4, respectively. The cross point of the two dashed line in Fig. 2  (b) shows an example of a full depletion voltage of the detector S4. The full depletion voltages of the detectors were 240, 110, 55, and 27 V for S1, S2, S3, and S4, respectively when the thickness of the wafer was assumed to be 380 µm. From this information we can decide the resistivity of the wafer and operation voltage when the detector should be operated at full depletion mode.
While detectors irradiated with proton of 45 MeV, 1×10 12 cm -2 show decreased junction capacitance and full depletion voltage. It is known to be due to the type conversion of some portion of substrate from n-type to p-type by irradiation [2] .
B. Mechanisms of Junction Leakage Current
Performance of the semiconductor detector can be represented using leakage current as an indicator of a noise source in the detector. The reverse leakage current (J R ) of the silicon p-n and PIN diodes is commonly described in literature as a combination of diffusion current and generation current components [3] , [4] :
where D p is the diffusion coefficient, τ p is the minority carrier lifetime, W is the depletion width, n i is the intrinsic carrier concentration, N D is the doping concentration of the substrate, and τ e is effective lifetime (1/τ e is the generation rate in the depleted region).
The diffusion component is caused by the minority carriers generated in the neutral area, diffusing to the edge of the space charge region, and therefore it is independent of the applied reverse bias, at least until the full depletion is reached. Activation energy, E a , of the diffusion current for thermal excitation is the band gap energy of the silicon, i.e. 1.1 eV.
If the generation centers are distributed uniformly, the generation current component is directly proportional to the depletion width, W, from which the generated carriers (minority and majority) are collected. The depletion width is given by
Therefore J Gen is proportional to R V and the activation energy of the generation current is generally 0.6 to 0.9 eV depending on the energy level of the generation centers.
However another leakage current mechanism, called thermionic field emission (TFE) current, has been reported when the local electric field is higher than 0.1 MV/cm [5] , [6] . Thermal emission rate from a trap level is enhanced by tunneling effect due to the strong electric field at the certain position of the depletion region. The activation energy of TFE current is generally lower than 0.5 eV. The particular feature of the current-voltage (I-V) characteristics is that the leakage current increases exponentially as the applied voltage increases. Total leakage current of a PIN detector is the sum of J Diff , J Gen and J TFE . Fig. 3 (a) shows measurement results of the leakage current for direct type detectors before irradiation. The changes of the leakage current after irradiation with proton of 45 MeV, 1×10 12 cm -2 are shown in Fig. 3 (b) . 1. Substrate of (111) crystal orientation shows larger leakage current than (100) orientation. It is known to be due to the high interface trap density at the Si/SiO 2 interface. 2. High resistive substrate shows larger leakage current than low resistive substrate. From (3) and (4), we can see that the high resistive substrate flow more diffusion current due to the low N D and more generation current due to the wide depletion width. 3. At high reverse bias (> 35 V), low resistive substrate shows larger leakage current than high resistive substrate for (100) orientation. It can not explained by the mechanism of diffusion current and generation current. We can explain it by the TFE current. The average electric field at the junction of the detector with 1.6 kΩ.cm resistivity is about 3 kV/cm, which is much lower than the criteria for the field emission current. However, if some defects exist in the depletion region especially at the Si-SiO 2 interface, the local electric field can be increased above 0.1 MV/cm and the contribution of TFE current can be increased. Usually several folds of guard-rings should be designed around p+ active to relieve the electric field at the SiSiO 2 interface. It also can improve the breakdown characteristics of the detector. However guard-rings widen the depletion width at the surface and increase the generation current. Thus TFE current and generation current are at the trade-off relation from the viewpoint of depletion region width and electric field. 4. After proton irradiation, leakage current is enormously increased because of the increase of crystal defects. We can see that the leakage current of (100) orientation and (111) orientation are similar for the high resistive substrate after irradiation. It seems that the bulk defects by the irradiation dominate the leakage current rather than the trap at the Si/SiO 2 interface. Activation energy of the leakage current can be estimated from the temperature dependence of the leakage current. An Arrhenius plot of the leakage current versus 1/kT yields the activation energy. We measured the leakage current at several temperatures, i.e. 25, 50, 75, 100, and 125 °C, and estimated the activation energy for several reverse bias from the Arrhenius plots. Fig. 4 shows an example of Arrhenius plot for the detector S1 and Table II summarized the estimated activation energy for all samples. At low reverse bias, the activation energies of the non-irradiated samples are about 0.95 eV which is close to the activation energy of diffusion current. However, as the reverse bias increases, the activation energy is decreased. This means the portion of the generation current or TFE current increases as the depletion region width is increased at high reverse bias. On the other hand, the irradiated samples show reduced activation energies for overall reverse bias, which means irradiation make many generation centers, i.e. defects.
C. Measurement and Analysis of the Leakage Current
D. Radiation Response Characteristics
The amount of charge generation and collection for the radiation is another important factor of the radiation detector together with leakage current. To compare the radiation response characteristics, we exposed the X-ray beam of 60 kV tube voltage to each detector and read the output current. The reverse bias of 5 V or 100 V was forced onto the detectors. 5 shows the normalized output current for the X-ray exposure and directional response of the area monitor. It is known that the charge collection efficiency (i.e. ratio of mean number of electrons measured vs. mean number of electrons generated) of the (100) oriented wafers are preferred over (111) wafers [7] . However, in our experiments the detector with (111) oriented substrate shows about 20% higher output current than (100) orientation. We think it is due to the higher carrier generation for (111) oriented wafers in spite of lower charge collection efficiency, because the atomic density along the (111) plane is higher than (100) plane. The output current is independent on the resistivity of the wafers and also on the operation voltage. This means the output current by X-ray exposure is independent on the depletion width and the carriers generated beyond the depletion region also contribute to the output current by the diffusion of the carriers. Carrier lifetime of the all wafer is the order of a few msec which is sufficient to diffuse into the depletion region from the neutral region. It is also shown that the most influential factor on the output current is the thickness of the wafer. Fig. 4 (b) shows the directional response of the detector for the X-ray exposure. The directional response has a deviation of ±12% in the directional range of 70 degrees.
Finally, we assembled one of our detectors with amplifier circuit for the application of γ ray dosimeter and tested whether it can detect the Cs 137 natural γ ray. Selected sample was S3 of which leakage current is relatively low at low reverse bias and the radiation response characteristics is better than the other samples. Fig. 6 (a) shows the architecture of the pulse mode signal processing circuit for the γ ray dosimeter. 
IV. CONCLUSIONS
We have fabricated radiation detectors with high resistive ntype silicon wafers having different resistivity and crystal orientation, and studied on the leakage current and radiation response characteristics. The detector with (111) oriented substrate shows higher leakage current than (100) orientation and high resistive substrate shows larger leakage current than low resistive one. In case of (100) oriented substrate, the leakage current of low resistive substrate is smaller than high resistive one below the reverse bias of 35 V, but it is contrary above 35 V. From the consideration on the leakage current mechanisms, we can see that most leakage current is diffusion current at low reverse bias voltage. However, as the reverse bias voltage increases, the portion of the generation current and TFE current is increased. After proton irradiation, the increased leakage current is generation current at both low and high reverse bias.
To compare the charge generation and collection for the radiation, we exposed the detectors to the X-ray beam and read the output current. The detector with (111) oriented substrate shows 20% higher output current than (100) orientation and it is independent on the resistivity of the wafers. The most influential factor on the output current is the thickness of the wafer. From the results we can suggest a high resistive, (100) oriented and thick wafer for the direct type radiation detector, and a low resistive and thin wafer for indirect type radiation detector. Finally we assembled our detector with read-out integrated circuit for the application of γ ray dosimeter and tested whether it can detect the Cs 137 natural γ ray. Our detector is very sensitive to it.
